Galectin-1 belongs to an evolutionarily conserved family of animal ß-galactoside-binding proteins, which exert their functions by crosslinking the oligosaccharides of specific glycoconjugate ligands. During the past decade, attempts to identify the functional role of galectin-1 suggested participation in the regulation of the immune response. Only in the last few years has the molecular mechanism involved in these properties been clearly elucidated, revealing a critical role for galectin-1 as an alternative signal in the generation of T cell death. In the present study we will discuss the latest advances in galectin research in the context of the regulation of the immune response, not only at the central level but also at the periphery. Moreover, we will review the purification, biochemical properties and functional significance of a novel galectin-1-like protein from activated rat macrophages, whose expression is differentially regulated according to the activation state of the cells. The novel role of a carbohydrate-binding protein in the regulation of apoptosis is providing a breakthrough in galectin research and extending the interface between immunology, glycobiology and clinical medicine.
Introduction
Galectins are a family of evolutionarily preserved proteins widely distributed in species ranging from fungus to man (1) . The systematic name galectins has been recently proposed, referring to proteins which are characterized by a conserved carbohydrate recognition domain (CRD), binding specificity for ß-galactoside-related sugars and conserved sequence motifs (2) . Figure 1 illustrates a structural diagram for the classification of mammalian and non-mammalian galectins. Despite the fact that galectins exhibit classical features of cytosolic proteins, they are definitely exported into the extracellular milieu by a non-classical secretory pathway (3), where they interact with specific extracellular matrix ligands such as laminin and fibronectin (3, 4) . They may be targeted alternatively to the nucleus or sub-cytosolic compartments (5) . Extracellularly, they have been implicated in the modulation of cellcell and cell-matrix interactions through glycoconjugate-mediated recognition.
Based on their molecular architecture, galectins have been classified into three groups, namely proto-, chimera-and tandem repeat-types. This classification proposed by Hirabayashi and Kasai (6) was defined mainly according to the architectural features of this protein family, without any functional or evolutionary connotation. Proto-type galectins function as homobifunctional cross-linkers able to dimerize in a non-covalent fashion. On the other hand, chimera-and tandem repeat-types act as heterobifunctional crosslinkers of glycoconjugates. Chimera-type galectins are designed to link carbohydrate and non-carbohydrate biomolecules (e.g., polynucleotides and polypeptides). The tandem repeat-type can cross-link different types of glycoconjugates ( Figure 1 ). Galectin-1 belongs to the proto-type family and was the first mammalian galectin identified. Despite considerable information obtained at the biochemical and molecular level, its precise physiological functions after more than 20 years of active research still remain unclear. Table 1 shows the distribution of some galectin-1 in various tissues of diverse species. Studies of spatio-temporal distribution of this lectin have shown a highly conserved pattern throughout evolution. Its developmentally regulated expression strongly suggests that it could play a key role in some relevant physiological processes requiring protein-carbohydrate interactions (1, 7, 8) . In this context, functions have been assigned to galectin-1 in development, migration, cell adhesion and tumor metastasis (9) (10) (11) .
Galectin-1 has been shown to exhibit specific immunomodulatory properties. Administration of exogenous galectin-1 showed therapeutic activity against the induction and progression of disease in two experimental animal models of autoimmunity, as described by Levi et al. (12) for myasthenia gravis and by Offner et al. (13) for autoimmune encephalomyelitis. Clear-cut evidence obtained from mouse strains which spontaneously develop autoimmune diseases and from more recent studies performed with transgenic or knockout mice clearly demonstrates that alteration of the cell death program of autoreactive lymphocytes is involved in the etiology of autoimmune diseases (14, 15) .
In this context, recent investigations highlighted an additional role for galectin-1 as a mediator of T cell apoptosis, the physiologic cell death of immature cortical thymocytes in the thymus (16) , and also at the periphery at the level of mature T cells (17) (18) (19) .
Apoptosis in immune system homeostasis
In multicellular organisms, homeostasis is maintained by an equilibrium between cell proliferation and cell death (20, 21) . Cell proliferation is a highly regulated process with numerous check points. While growth (20, 22) . Physiologic cell death takes place primarily through an evolutionarily conserved form of cell suicide termed apoptosis (23, 24) . The decision of a cell to undergo apoptosis can be influenced by a wide variety of extrinsic and intrinsic regulatory stimuli (25) . This type of regulation allows the elimination of cells that have been produced in excess, have developed improperly, or have sustained genetic damage (23, 25) . Although diverse signals can induce apoptosis in a wide variety of cell types, a number of evolutionarily conserved genes regulate a final common cell death pathway that is preserved from invertebrates to humans (26, 27) . In the immune system, a self-destructive process such as apoptosis must be under tight control to avoid unwanted effects, such as potentially autoreactive lymphocytes and excess cells after the completion of an immune response (28, 29) . The presence of galectin-1 in primary and secondary lymphoid organs such as thymus, lymph nodes and spleen, in connection with the ability of this lectin to induce apoptosis of immature and mature T cells, strongly suggests that this galectin may play an important role in the 
Life and death in the thymus
Apoptosis is a common event during T lymphocyte development for the production of immunocompetent T cells (29) . Large numbers of precursor cells migrate into the thymus daily, where they are subjected to selection in a critical process of thymic education. The majority of these cells die as result of neglect, since they are neither positively nor negatively selected (30) . Those cells bearing T cell receptors (TCRs) that recognize self major histocompatibility complex proteins (MHC) are positively selected. Moreover, a subset of these cells recognizing MHC with the high affinity is subjected to negative selection and consequently deleted by apoptosis.
Death by neglect is definitely apoptotic (30) and occurs most probably via exposure to endogenous glucocorticoids (31) . Thymocytes, in addition to the T cell line, are highly sensitive to apoptosis induced by glucocorticoids in an active process, requiring de novo gene expression (32) . In this respect, Ashwell and colleagues (33, 34) performed in vivo experiments demonstrating that a subset of thymic epithelial cells are steroidogenic and that inhibition of steroid synthesis modified the profile of lymphoid thymic populations. Furthermore, data obtained by the creation of transgenic lines of mice carrying an antisense glucocorticoid receptor (34) indicated that thymocytes that do not bind to MHC are deleted by endogenous steroids.
Elimination of autoreactive lymphocytes may occur via activation-induced cell death: the same signals that trigger activation of peripheral mature T cells induce apoptosis of thymocytes (35) . The difference between positive selection of normally functional immature T cells and elimination of autoreactive cells may lie in the affinity of their TCRs for self antigens and increasing evidence suggests that co-stimulatory signals could play an important role in this process (35) (36) (37) . Furthermore, positive selection might also result from antagonism between glucocorticoid and activation-induced death. This model clearly suggests that thymocytes unable to bind to the MHC at all receive no stimulation through the T cell receptor complex and are eliminated via glucocorticoid signals, whereas thymocytes able to transduce TCR signals of sufficient strength to overwhelm the glucocorticoid pathway are eliminated via activation-induced cell death. In connection with these findings, an interesting study reports the overexpression of the human galectin-1 gene during glucocorticoid-induced cell death (38) .
It is well known that thymocyte maturation requires the participation of thymic epithelial cells and extracellular matrix components (39, 40) . In this context, Baum et al. (41) reported the expression of galectin-1 by human thymic epithelial (TE) cells and demonstrated that this endogenous lectin mediates the adhesion of thymocytes to TE cells. This observation suggested that specific oligosaccharide sequences on immature thymocytes might be candidate ligands for galectin-1 synthesized by thymic stromal cells. Sensitivity of T cells to the lectin was found to be modulated by the expression of glycosyltransferase enzymes that may modify the availability of oligosaccharide ligands for galectin-1. Elucidation of the functional significance of this interaction provided concluding evidence that galectin-1 induced apoptosis of two distinct populations of nonselected and negatively selected CD4 low , CD8 low immature cortical thymocytes (16) .
Death at the periphery
In order to maintain cellular homeostasis and to protect activated mature T cells from continued secretion of potentially harmful levels of cytokines, activated cells are eliminated from the circulation by programmed cell death. Activation-induced apoptosis of mature T cells occurs via Fas and Fas ligand (FasL) interactions. This has been clearly demonstrated in vitro using cell lines or T cell hybrids, which die in response to TCR binding (42) (43) (44) as well as in vivo (45, 46) in spontaneous mutations in particular strains of MLR lpr/lpr or gld/gld mice, defective in Fas or FasL, respectively. In agreement, Nagata and colleagues (47) created Fas-/-mice by targeted deletion of the Fas gene. These mice displayed enhanced and accelerated lymphoproliferation in comparison to lpr/lpr mice (48) . Following administration of Staphylococcus enterotoxin B to these null-mutant mice, dramatically impaired deletion occurred due to the absence of Fas antigen.
Fas is expressed on a wide variety of cell types including hematopoietic and epithelial cells. Expression of Fas on T and B lymphocytes increases after antigen receptor-mediated activation (49) . In contrast to the widespread distribution of Fas, its ligand exhibits a highly restricted pattern of expression. FasL expression is induced on mature CD4+ and CD8+ T lymphocytes following activation but is not expressed by other hematopoietic cells (50, 51) . FasL has also been reported to be constitutively expressed in two immunologically privileged tissues, such as the eye and the testis. Such expression could prevent damage inflicted by activated T cells to these tissues. Although most tissues can tolerate the nonspecific damage caused by inflammatory responses, delicate tissues such as the eyes and the testis are susceptible to suffering irreparable damage after an inflammatory episode. Hence, expression of high levels of FasL represents a defensive mechanism to prevent damage caused by inflammation through an induction of apoptosis of activated cells expressing elevated levels of Fas antigen (52) .
Despite striking similarities in their localization, critical differences should be highlighted between galectin-1 and FasL-induced apoptosis. At first sight, FasL triggers apoptosis by binding to Fas (CD95) through protein-protein interaction, whereas galectin-1 binds to cell surface glycoconjugates on thymocytes (16) and mature T cells (18, 19) . Besides, galectin-1 and FasL apparently use different signal transduction pathways to engage the apoptotic program of the cell. Recently, Su et al. (53) and Perillo et al. (18) showed that the T lymphoblastoid cell line MOLT-4, which was insensitive to FasLinduced apoptosis, was susceptible to galectin-1. In contrast, a T lymphoblastoid cell line, which was sensitive to FasL, was resistant to the apoptotic effect of galectin-1. Moreover, since galectin-1 was capable of inducing apoptosis in the CD3-negative T lymphoblastoid cell lines, one should conclude that galectin-1 does not trigger apoptosis by cross-linking of the T cell receptor complex. These data strongly suggest that the mechanisms by which galectin-1 induced apoptosis are clearly distinct from those implicated in FasL-or T cell receptor-induced apoptosis.
Expression of galectin-1 in privileged immune sites, such as placenta, cornea and prostate (8, 54) , may contribute to the maintenance of tolerance by inducing apoptosis of activated T cells responding to an injury, autoimmune damage or infection. Galectin-1 was found to be upregulated by metastatic rather than noninvasive tumors. In a way, tumors could also be considered to be privileged immune tissues and several mechanisms for tumor evasion of immune recognition have been proposed, such as downregulation of MHC class I expression. In this context, one may suspect that galectins in tumor cells can trigger apoptosis of activated T cells, thus allowing the tumor to escape immune attack. regulatory cells implicated in critical functions at the periphery, such as initiation of the immune response and regulation of the activities of other immune cell populations. These highly adaptive cells are able to modify their behavior in response to different environmental signals. In this sense, the peritoneal cavity has been a useful system for studying phenotypic differences between Mø populations (55) . Resident, inflammatory and activated Møs show different profiles of enzymes and receptors which can be up-or down-regulated, and are closely related to the functional competence of these cells (55) .
Since galectin-1 demonstrated immunomodulatory properties, we wondered whether this highly conserved structure could be present in Møs. If so, critical questions remain to be addressed: which is its precise biological function? Which is the cellular and molecular target of this function?
In an attempt to address this question, we performed immunochemical and immunocytochemical studies using a polyclonal antibody raised against the galectin. Mø-enriched populations were purified by plastic adherence from rat peritoneal cells and three different Mø subpopulations were defined. Resident Møs were obtained by washing the peritoneal cavity. Inflammatory Møs were recruited 3 days after intraperitoneal injection with proteose-peptone and activated Møs were obtained by in vivo or in vitro treatments, such as administration of Bacillus Calmette-Guerin and activation by LPS or by chemical agents such as PMA (phorbol ester) or chemoattractants such as fMLP (56) .
Western blot analysis of total cell lysates obtained from the different stimulated Møs using the anti-galectin antibody revealed a single immunoreactive protein band corresponding to a molecular mass of 15 kDa in all purified Mø population. By densitometric quantification we concluded that total expression of the ß-galactoside-binding protein was increased about 5-fold in phorbol ester (PMA)-and chemotactic peptide (fMLP)-activated Møs, and 2-fold in peptone-elicited inflammatory Møs. We performed flow cytometry experiments on the different Mø populations using fluoresceinlabeled ED1 mAb for the detection of monocyte macrophage lineage and phycoerythrinconjugated galectin antibody. Dual parameters counter plots showed a high proportion of double positive cells after exposure of cells to chemical agents such as PMA and fMLP (56) . These results validate the concept that activation stimuli and different environmental signals can modulate the expression of this protein and suggest that this molecule could be involved in critical immunological processes mediated by Møs.
In order to explore the physiological significance of galectin overexpression in activated Møs, this rat macrophage galectin (RMGal) (19) was subjected to further purification and characterization. RMGal was purified from chemically activated Møs by single-step affinity chromatography on a lactosyl-Sepharose matrix. Sugars bearing a ß-D-galactoside configuration such as thiodigalactoside and lactose were able to inhibit the hemagglutinating activity displayed by this protein. Resembling the properties of this protein family, the purified galectin was resolved as a single protein band of 15 kDa by SDS-PAGE with an isoelectric point of 4.8, consistent with an acidic amino acid composition. Furthermore, gel filtration studies showed that the galectin behaved as a dimer under non-denaturing conditions (19) .
To assure identity of the isolated protein, the internal amino acid sequence was determined and compared with previously described galectin sequences. Computer-assisted sequence library searches revealed high identity (of more than 80%) between RMGal and other members of the mammalian galectin-1 subfamily particularly those found in rat lung and uterus (57) , mouse 3T3 fibroblasts (58), bovine fibroblasts (59), and human placenta and brain (60, 61) . These results indicated that RMGal shared all the critical residues found in other members of the mammalian galectin-1 subfamily. However, we do not rule out the possibility that it may be an alternative isoform of galectin-1, as described for chicken isolectins (62) .
Since RMGal was overexpressed in activated immunoregulatory cells, the next issue we attempted to investigate was related to the role of this galectin in T cell death. Hence, mitogenically stimulated and nonstimulated spleen mononuclear cells were cultured in the presence of optimal concentrations of RMGal and then processed for DNA fragmentation, TUNEL assay and transmission electron microscopy. The electrophoretic pattern of genomic DNA extracted after 6 h of cell culture is shown in Figure  2A . The typical DNA ladder of oligonucleosome-sized fragments of ~180-200 bp was intensified in SpMs stimulated with Con A and exposed to RMGal (lane 3), and in SpMs incubated with RMGal alone at two different concentrations (lanes 4 and 5, respectively). In contrast, ladder type DNA fragmentation was almost absent in DNA extracted from SpMs cultured in medium alone (lane 1). Cells stimulated with Con A but not treated with RMGal showed the typical low intensity pattern of fragmentation characteristic of cell death following activation with mitogenic stimuli (lane 2). The same pattern was clearly observed when the T cell population was purified from total SpMs. Genomic DNA fragmentation was found to be particularly increased when RMGal was added to stimulated (lane 8), and nonstimulated (lane 9) T cells, in comparison to control of T cells in medium alone (lane 6) and T cells stimulated with Con A (lane 7). Thus, it should be emphasized that in our experimental conditions cell stimulation was not an essential step for RMGal-induced apoptosis.
In an attempt to quantify galectin-induced apoptosis, cells were cultured under the same conditions and processed for TUNEL detection using flow cytometry. As clearly shown in Figure 2B , 33% of cells exposed to RMGal were apoptotic, as demonstrated by specific incorporation of biotinylated dUTP into DNA breaks, whereas control samples cultured in medium alone showed 5% spontaneous apoptosis. The proportion of TUNEL-positive cells increased to 38% when the cells were simultaneously incubated with Con A and the lectin in comparison to cells cultured in the presence of Con A but not exposed to RMGal. The carbohydrate recognition domain of RMGal was involved in this function since a ß-galactoside-related sugar, lactose, was able to induce a 33 to 11% decrease in levels of TUNEL-positive cells. In contrast, these effects were not significantly blocked when cells were exposed to the lectin in the presence of the specific antibody. Thus, induction of apoptosis by RMGal was highly specific and related to its carbohydrate-binding properties. Finally, ultrastructural studies of morphological changes induced by exposure to RMGal revealed the typical features of apoptosis (29) including reduction of the cytoplasmic volume, loss of surface microvilli, chromatin condensation and margination along the inner surface of the nuclear envelope ( Figure 2C , panel 1 in comparison to panel 2). The results presented here provide clear-cut evidence indicating that the purified Mø galectin is associated with a positive control of the apoptotic threshold of T cells.
In the galectin family, galectin-1 promotes T cell apoptosis (16) (17) (18) (19) and conversely, galectin-3 has been recently reported to be involved in the inhibition of the apoptotic cell program through an interaction with the Bcl-2 proto-oncogene (63) . The family of Bcl-2-related proteins constitutes one of the most relevant apoptotic regulatory gene products acting on the effector stages of apoptosis (64) . Within the Bcl-2 family members, the ratio of death antagonists such as Bcl-2 and Bcl-X L to agonists such as Bax and Bad determines whether a cell will respond to apoptotic signals. Hence, it seems meaningful that the interplay between cells/well for 6 h in medium alone (lane 1), in medium containing Con A, 2.5 µg/ml (lane 2), and in medium containing Con A, 2.5 µg/ml, plus the addition of RMGal at a concentration of 4 µg/ml (lane 3). Cells were also cultured with RMGal (4 and 6 µg/ ml) in the absence of a mitogenic stimulus (lanes 4 and 5, respectively). The T cell-enriched population was purified and cultured under identical conditions in medium alone (lane 6), in medium containing Con A (lane 7), in the presence of Con A plus RMGal, 4 µg/ml (lane 8), and in the presence of RMGal alone, 4 µg/ml (lane 9). Cells were then harvested and genomic DNA was extracted. Samples were diluted in loading buffer and resolved on 1.8% agarose gel. The relative mobility of oligonucleosome-length DNA fragments reflects integer multiples of ~180-200 bp. Molecular standards (100 bp DNA ladder) are indicated on the right. B, Incorporation of biotinylated dUPT by exogenous TdT into DNA strand breaks generated after RMGal treatment. T cells (2 x 10 7 cells/well) were exposed to medium alone (a), 4 µg/ml RMGal (b), 2.5 µg/ml Con A (c), 2.5 µg/ml Con A plus 4 µg/ml RMGal (d), 4 µg/ml RMGal in the presence of 100 mM lactose (e), or 4 µg/ml RMGal in the presence of galectin Ab (f) for 6 h at 37 o C in 5% CO 2 . Samples were harvested, fixed, and permeabilized and the percentage of apoptotic cells in each sample was determined by flow cytometry analysis after TUNEL labeling. Cells treated with DNAse I were used as positive controls. C, Transmission electron microscopy examination of ultrastructural changes induced by RMGal. T cells were purified and cultured in 24-well plates at a density of 2 x 10 7 cells/well, in the presence (1), or in the absence (2) of RMGal (4 µg/ml). After 6 h, cells were harvested, washed and processed for transmission electron microscopy. galectins-1 and -3 could also represent an alternative pathway in the normal control of life, that is regulated by a delicate balance between cell proliferation, differentiation and death. In agreement with the results presented for RMGal, we also provided evidence that the chicken galectin CLL-I, which has ~50% sequence similarities with galectin-1, inhibits growth of rat T cells via apoptosis, which proved to be controlled in a time-, lectin concentration-and a saccharide-dependent manner (65) .
Concluding remarks
On the basis of the results reviewed herein, one would expect knockout mice for galectin-1 to show autoimmune manifestations such as lupus-like disorders, as observed for spontaneous mutations in Fas and FasL in MLR lpr/lpr or gld/gld mice, respectively. However, no important phenotypic changes could be detected in null mutant-mice as regards the galectin-1 gene. By contrast, these mice were found to be completely vital and proliferative (66) . An exhaustive examination of the immunological system is imperative in these genetically modified mice not only at the central level but also at the periphery to search for potentially harmful autoaggressive clones and signs of disregulated apoptosis. Moreover, the possibility that other galectins identified thus far could compensate for the absence of this prototype galectin-1 protein should also be considered in future experimental work. Nevertheless, the novel role of a carbohydratebinding protein in the regulation of apoptosis provided a breakthrough in galectin research and widened the interphase between immunology, glycobiology and clinical medicine.
